Background Excess reactive oxygen species (ROS) and muscle weakness occur in parallel in multiple pathological conditions. However, the causative role of skeletal muscle mitochondrial ROS (mtROS) on neuromuscular junction (NMJ) morphology and function and muscle weakness has not been directly investigated. Methods We generated mice lacking skeletal muscle-specific manganese-superoxide dismutase (mSod2KO) to increase mtROS using a cre-Lox approach driven by human skeletal actin. We determined primary functional parameters of skeletal muscle mitochondrial function (respiration, ROS, and calcium retention capacity) using permeabilized muscle fibres and isolated muscle mitochondria. We assessed contractile properties of isolated skeletal muscle using in situ and in vitro preparations and whole lumbrical muscles to elucidate the mechanisms of contractile dysfunction. Results The mSod2KO mice, contrary to our prediction, exhibit a 10-15% increase in muscle mass associated with an~50% increase in central nuclei and~35% increase in branched fibres (P < 0.05). Despite the increase in muscle mass of gastrocnemius and quadriceps, in situ sciatic nerve-stimulated isometric maximum-specific force (N/cm 2 ), force per cross-sectional area,
Introduction
Oxidative stress, the imbalance between pro-oxidant generation and antioxidant defence, has been implicated in pathological conditions of skeletal muscle, including sarcopenia, [1] [2] [3] denervation, 4, 5 and cancer cachexia. 6 Excess levels of reactive oxygen species (ROS) impair contractile function of skeletal muscle 7 and activate proteases that are associated with degradation of contractile machinery. 2, 8 A primary source of oxidative stress is superoxide anions generated from a number of cellular sources, including the mitochondrial electron transport chain (ETC) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Superoxide can be converted to other radical and non-radical species including hydroxyl radicals, peroxynitate, and hydrogen peroxide. Because superoxide and its derivatives can generate oxidative damage to cellular lipids, proteins, and DNA, controlling superoxide levels is a first and primary line of defence against oxidative stress and damage. Superoxide is primarily scavenged by copper zinc-superoxide dismutase (CuZnSOD) in the cytosol, and manganese-superoxide dismutase (MnSOD) in the mitochondrial matrix. Our laboratory and others have provided insights into potential mechanisms of skeletal muscle weakness associated with oxidative stress during aging (i.e. sarcopenia) using mice lacking CuZnSOD (Sod1KO), the cytoplasmic superoxide scavenger.
1,9,10 Sod1KO mice reveal a number of phenotypes that mimic features of sarcopenia in old wildtype (WT) mice, including loss of innervation, mitochondrial dysfunction, and increased generation of mitochondrial ROS (mtROS). 2, [11] [12] [13] We have also shown that loss of innervation is associated with increased mtROS and downstream activation of muscle atrophy and weakness. 4, 11, 14 In this study, we asked whether increased skeletal muscle mtROS induced by skeletal muscle-specific deletion of the mitochondrial form of SOD (MnSOD), independent of loss of innervation, is sufficient to induce muscle atrophy and weakness. Previous studies have shown that global deletion of the Sod2 gene (Sod2 À/À ) leads to neonatal lethality supporting the importance of controlling superoxide levels. 15, 16 We demonstrated that heterozygous deletion of MnSOD (Sod2 +/À ) does not affect survival but leads to mitochondrial dysfunction. 17 Muscle mass is not altered in heterozygous MnSOD knockout mice; however, skeletal muscle mitochondrial adenosine triphosphate (ATP) production is reduced, and hydrogen peroxide generation is significantly increased in skeletal muscle. 18 Using a model of Sod2 deficiency targeted specifically to fast twitch (type IIB) skeletal muscle fibres, we reported an increase in ROS generation and oxidative modifications in fast twitch fibres that was not associated with skeletal muscle atrophy or contractile dysfunction in young and old mice. 19, 20 The impact of skeletal musclespecific Sod2 deletion on exercise intolerance has also been reported, 21 but its role on neuromuscular junction (NMJ) disruption and skeletal muscle mass and contractile properties have not been directly tested.
Here, we tested whether mitochondrial oxidative stress within skeletal muscle, in the absence of neuronal oxidative stress and denervation, contributes to muscle atrophy and weakness using a mouse model in which MnSOD (Sod2) is deleted specifically in skeletal muscle using a cre-Lox approach driven by human skeletal actin (HSA). Contrary to our expectation, mSod2KO mice exhibit a significant increase in muscle mass associated with dramatic increases in central nuclei, hyperplasia, and fibre branching. Despite the increase in muscle mass, contractile function is impaired because of NMJ fragmentation and intrinsic alterations within myofibers, presumably elicited by excess hydrogen peroxide in cytoplasm. Excess superoxide in mitochondrial matrix induces a dramatic loss of succinate dehydrogenase (SDH) and severe functional defects of the mitochondria. Our findings demonstrate, for the first time, that mtROS from skeletal muscle is sufficient to induce NMJ disruption and contractile dysfunction. We also report our novel findings that elevated skeletal muscle mtROS leads to increases in muscle mass through hyperplasia and fibre branching.
Methods
Detailed methods are available in Online supplementary material.
Generation of muscle-specific Sod2 knockout mice
Tissue-specific Sod2 KO (Sod2 fl/fl ) mice were described previously and provided to Dr Van Remmen by Dr Takahiko Shimizu. 19, 22 Briefly, Sod2 f/fl mice were generated using mouse Sod2 genomic DNA, in which the neomycin resistance gene and exon 3 were flanked by two loxP sites. Sod2 f/fl mice were then bred to mice containing cre recombinase (Cre) driven by HSA promotor (HSA Cre). PCR was used to identify mice carrying the Cre and Flox constructs by previously described primer sequences and methods. 
Animals
Approximately 6-to 8-month-old female and male mSod2KO and WT mice were used for all experiments with an exception of mice used for calcium kinetics assays (these mice were 9-13 months). 
Enzyme activity
Activities of CuZnSOD and MnSOD were determined using native gels with negative staining as a method previously described. 13 For histological assessment of SDH activity in muscle sections, mid-belly of gastrocnemius was cut in cross section and stained with a buffer containing, 50 mM sodium phosphate (pH 7.4), 84 mM succinic acid, 0.2 mM phenazine methasulfate, 2 mg/mL nitroblue tetrazolium, and 4.5 mM EDTA. For SDH activity in isolated mitochondria (see succeeding texts for mitochondrial isolation), we diluted 0.25 mg/mL of mitochondria in a buffer containing 210 mM mannitol, 70 mM sucrose, 5.0 MM KH 2 PO 4 and 10 mM MOPS, pH 7.4.
Isolation of skeletal muscle mitochondria
Mitochondria were isolated from gastrocnemius muscle following a previously established method.
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Rate of hydrogen peroxide generation, adenosine triphosphate production, and calcium retention capacity
The rate of mitochondrial H 2 O 2 production was measured using Amplex Red (77.8 μM), horseradish peroxidase (1 U/mL), and SOD (37.5 U/mL) based on a previously described method with minor modifications. 13 Mitochondrial complex I was activated by glutamate (5 mM) and malate (5 mM), while complex II-specific activation was achieved by succinate (10 mM) and rotenone (1 μM). Antimycin A (1 μM) was added to determine maximum rate of H 2 O 2 generation. Fluorescence was measured at an excitation wavelength of 545 nm and emission wavelength of 590 nm. The slope of increase in fluorescence was converted to the rate of H 2 O 2 generation using a standard curve. The rate of ATP synthesis was measured using the luciferin/luciferase assay following a previously described method. 23 Mitochondrial calcium retention capacity (CRC) was determined using the membrane impermeable dye, Calcium Green-5N, based on a previously described method with modifications.
24

Fibre permeabilization
Preparation for skeletal muscle fibre permeabilization was previously described. 25 Briefly, a small piece (~3-5 mg) of red gastrocnemius muscle was carefully dissected, and we separated fibres along their striations using fine forceps in ice-cold buffer X containing (in mM) 
Measurement of respiration and hydrogen peroxide production
Oxygen consumption rate (OCR) and the rate of mitochondrial hydrogen peroxide production were measured using the Oxygraph-2k (O2k, OROBOROS Instruments, Innsbruck, Austria) by a previously described method 26 with minor modifications. OCR was determined using an oxygen probe, while rates of hydrogen peroxide generation were determined using O2k-Fluo LED2-Module Fluorescence-Sensor Green. Data for both OCR and rates of hydrogen peroxide generation were normalized by milligrams of muscle bundle wet weights.
Measurements of mitochondrial superoxide release
Mitochondrial superoxide release was determined by using electron paramagnetic resonance (EPR) spin-trap, 5-(2,2-dimethyl-1,3-propoxycyclophosphoryl)-5-methyl-1-pyrroline-Noxide by a previously described method with minor modifications.
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Markers of oxidative modifications
Levels of F 2 -isoprostanes in gastrocnemius were determined by a previously described method 28 with minor modifications.
The levels of glutathione (GSH) and oxidized GSH (GSSG) were determined using reverse-phase high-performance liquid chromatography and electrochemical detection. 29 GSH and GSSG were extracted from tissue homogenate by treatment with 5% metaphosphoric acid. Myofibrillar (MF) proteins were isolated based on a previously reported method.
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Abundance of carbonyl groups in muscle homogenate and MF proteins was determined by FTC based on a previously described method.
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Energy charge
Ratio of energy charge in gastrocnemius muscles was determined by using a previously published method. 
Contractile properties of skeletal muscle
Isometric contractile properties for in situ gastrocnemius muscle and in vitro extensor digitorum longus (EDL) muscle were measured based on previously established methods.
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Assessment of calcium kinetics using skeletal muscle
Experiments to determine the dynamic calcium responses to twitch stimuli were performed on lumbrical muscles from WT and mSod2KO mice (age 9-13 months). Details on the techniques and apparatus used to measure lumbrical muscle contractile properties and fluorescence have been described previously.
33,34
Sarcoplasmic/endoplasmic reticulum calcium ATPase activity
The measurement of sarcoplasmic/endoplasmic reticulum calcium ATPase activity was performed at 37°C by using a spectrophotometric assay as described elsewhere.
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Neuromuscular junction staining
Neuromuscular junctions were stained following a previously established method with minor modifications.
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Histology
Gastrocnemius muscle tissues were frozen in liquid nitrogencooled isopentane; 10 μm cross sections were made using a microcryotome (À20°C), dried and used for immunohistochemistry staining.
Quantification of myofiber branching
Myofiber branching was determined based on a previously established method with modifications.
37,38
Quantification of protein abundances by selected reaction monitoring
We used targeted quantitative mass spectrometry to measure protein abundance as previously described.
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Determination of mitochondrial DNA copy number
Absolute copy number of mitochondrial DNA (mtDNA) was quantified (copies per ng input DNA) by digital PCR based on a previously reported method.
40,41
Immunoblot and qPCR
Standard procedures were used for western blots and qPCR. Antibodies and primers used are detailed in Table S2 .
Statistical analyses
Data were analysed using unpaired two-tailed t tests. Levels of significance were set at P < 0.05 in all cases. Data are presented as mean ± SEM.
Results
Defects of mitochondrial respiration and increased H 2 O 2 generation in mSod2KO mice
To test the causality of excess mtROS on skeletal muscle weakness, we generated a muscle-specific Sod2 knockout mouse line (mSod2KO mice). We confirmed the extent and specificity of the MnSOD deletion by measuring the activity ( Figure S1A ) and protein abundance ( Figure S1B ) of MnSOD in gastrocnemius muscle and heart. Our PCR data also confirm Sod2 deletion specifically in skeletal muscle (not in heart) of Acta cre-positive Sod2 fl/fl mice. Cre-negative Sod2 fl/fl mice show no deletion as expected ( Figure S1C ). CuZnSOD activity is not altered in response to the loss of MnSOD. We measured mitochondrial function using isolated skeletal muscle mitochondria. We found that mitochondrial H 2 O 2 generation with complex I substrates is significantly higher in isolated skeletal muscle mitochondria from mSod2KO compared with WT mitochondria while H 2 O 2 generation is dramatically lower with complex II substrates. Antimycin A-induced H 2 O 2 generation rate is significantly higher in mitochondria from the mSod2KO mice ( Figure 1A) . The between-group differences in all conditions disappeared after catalase addition confirming that the signal is generated by H 2 O 2 (data not shown). Consistent with the reduced H 2 O 2 generation from complex II substrates, mitochondria from the mSod2KO mice have a dramatically lower SDH activity than WT mitochondria ( Figure S1D -F). The mRNA levels of complex II subunits A and B are not decreased in muscle from mSod2KO ( Figure S1G , H), suggesting that the decrease in complex II may be due to posttranslational modifications and protein degradation, consistent with previous findings from our laboratory and others.
19,21
Excess mtROS, in particular superoxide anions, have been shown to alter mitochondrial function. 42 In agreement with the observed decrease in SDH enzyme activity, complex II-induced ATP generation of mSod2KO is dramatically decreased, while complex I-induced ATP generation is not altered ( Figure 1B) . Consequently, the levels of ATP in gastrocnemius muscle are decreased by~40% in mSod2KO compared with WT mice ( Figure 1C ). Mitochondria play an important role in cytoplasmic calcium homeostasis by absorbing calcium ions from cytoplasm. 24 To test mitochondrial CRC, we challenged isolated mitochondria by adding 2 μM calcium chloride (CaCl 2 ) per minute until the mitochondrial calcium release level overrides calcium uptake because of permeability transition pore opening. CRC in mSod2KO mice is reduced by~70% compared with WT ( Figure 1D ). Preparation of isolated mitochondria can cause damage to the organelle altering mitochondrial morphology and function and induce selection bias during the centrifugation step.
43 Also, mitochondria in vivo have the added complexity of interactions with neighbouring organelles and proteins. To address these potential limitations, we measured mitochondrial OCR and H 2 O 2 generation rate in permeabilized 'red' gastrocnemius muscle fibres located in the lateral heads of the gastrocnemius. These fibres are visually more red in colour than surrounding fibres. Consistent with our previous results in isolated mitochondria, we observed that complex II-induced OCR is selectively decreased in mSod2KO mice ( Figure 1E ), and ROS generation is elevated ( Figure 1H ). The rates of mitochondrial H 2 O 2 production are significantly elevated by about four-fold to five-fold at basal and during complex I and II-activated conditions in mSod2KO mice. These observations are different from the findings in isolated mitochondria ( Figure 1B ) potentially due to the presence of ADP in permeabilized fibres. Thus, we also measured ROS generation in the absence of ADP using permeabilized fibres ( Figure 1I ). In muscle mitochondria from WT mice, we observed a steep rise in H 2 O 2 generation in response to succinate, suggesting superoxide generation through reverse electron transfer. 23 The rise in H 2 O 2 generation is substantially lower in mSod2KO in response to succinate consistent with complex II deficiency.
To test mitochondrial function in vivo, we measured total running time to exhaustion for the mice on a treadmill, which shows a substantial reduction in mSod2KO mice 10 min compared with~2 h in WT mice ( Figure 1F ). Voluntary cage activity of the mSod2KO mice trended to decrease (P < 0.07) during the active (dark) phase ( Figure S2A, B) . Lactate buildup caused by decreased pyruvate utilization has been suggested to be the underlying cause of the exercise intolerance in mSod2KO mice. 19, 21 To test pyruvate utilization of skeletal muscle fibres from WT and mSod2KO mice, we directly added pyruvate as a substrate in the permeabilized fibres while measuring mitochondrial respiration, indicated as red arrow in Figure 1G . Pyruvate effectively shuts down oxidative phosphorylation in mSod2KO mice. The rate of ROS generation in the isolated mitochondria or permeabilized fibres was determined using Amplex Red or Amplex UltraRed probes, respectively, which detect H 2 O 2 , but not superoxide. Because of the deficiency of MnSOD in the matrix in mSod2KO mice, the superoxide within the matrix will not be detected. To directly determine mitochondrial superoxide release, we used EPR in conjunction with superoxide-targeted spin trap. Mitochondria isolated from gastrocnemius muscle were used for the measurements. Superoxide levels derived by EPR signals in mSod2KO mice are significantly elevated for complex I and II-linked substrates and the inhibitor Antimycin A ( Figure 1J ). Complex I and III inhibitors, rotenone and Antimycin A, increase superoxide generation from mitochondria for WT and mSod2KO, but a greater increase is observed in mitochondria from mSod2KO than from WT mice. Addition of exogenous CuZnSOD in the buffer effectively abolished the superoxidederived EPR signals for complex I and II-linked substrates ( Figure S1I ). These observations are consistent with previous data from our laboratory in which we measured an increase in superoxide generation in fast-twitch muscle specific deletion of Sod2KO mice. 
mtROS impairs neuromuscular junction but increases muscle mass
Markers of oxidative stress and redox potential
To test whether a reduction in MnSOD leads to an increase in oxidative modifications, we assessed lipid peroxidation, protein carbonyls, and tyrosine nitration in gastrocnemius muscle. Lipid peroxidation was determined by F 2 -isoprostane levels, which are stable products formed by free radicalcatalysed peroxidation of arachidonic acids. F 2 -isoprostane levels are elevated by~80% in the mSod2KO mice (Figure 2A) . To measure protein oxidation of skeletal muscles, we determined the level of carbonylation of proteins using muscle homogenate and observed a trend of increase (P < 0.1) in the mSod2KO mice ( Figure 2E ). Because skeletal muscle is a heterogeneous tissue and MF proteins are highly sensitive to oxidative damage, we isolated MF proteins and determined the levels of carbonylation, which are significantly elevated by~30% in mSod2KO mice ( Figure 2F ). Nitration of protein tyrosine residues represents another important post-translational modification caused by nitrosative and oxidative stress. The formation of 3-nitrotyrosine is the most commonly studied covalent modification of protein nitration, and elevated levels of this product are implicated in many oxidative stress-associated pathologies, including aging. 44 We observed that protein nitration is elevated by~60% in muscle from mSod2KO mice ( Figure 2C ). Changes in redox status have a major impact on cellular and physiological processes and may underlie many functional deficits associated with aging and oxidative stress.
3,45 Removal of H 2 O 2 is catalysed by the antioxidant enzymes catalase, GSH peroxidase, and peroxiredoxins. GSH peroxidase and peroxiredoxins require oxidation of GSH and thioredoxin, respectively. The ratio of reduced and oxidized GSH (i.e. GSH: GSSG) is used as an index of redox potential. 46 We found a significant increase in the content of GSSG suggesting oxidative stress, although the GSH:GSSG ratio in mSod2KO mice shows only a trend (P < 0.07) for a decrease in the ratio ( Figure 2B ). Reduction of GSH is catalysed by GSH reductase, which requires oxidation of NADPH to NADP + . Similarly, reduction of oxidized thioredoxin requires oxidation of NADH to NAD + . Perhaps surprisingly, the muscle from mSod2KO mice does not show a significant change in NAD + , NADH, or the NAD + / NADH ratio ( Figure 2D) . Figure S5 illustrates the role of antioxidant enzymes and their co-factors in redox homeostasis.
Skeletal muscle myofibrils and mitochondrial proliferation
To evaluate the impact of mitochondrial oxidative stress on skeletal muscle ultrastructure, we obtained transmission electron micrograph images of tibialis anterior muscles. In mSod2KO, myofibrils are shorter and smaller and not as regularly organized as in WT skeletal muscle ( Figure S6A ). Myofilaments appear to be less tightly packed, I-bands around Z disks (shown as 'Z' in Figure S6A ) are indistinct in many areas, and the M-lines (shown as 'M' in Figure S6A ) are frequently out of alignment and faint. Mitochondria (shown as white arrow head in Figure S6A ) in mSod2KO exhibit localized accumulations between myofibrils and appear to be bigger than those of WT. The location of mitochondria in WT skeletal muscle is near Z-disks, but in mSod2KO mice, their cellular locations are irregular. We measured the protein content of isolated mitochondria in gastrocnemius muscle and found 30% increase in mitochondrial protein content in muscle from mSod2KO mice compared with WT mice (data not shown). The mitochondrial proliferation is consistent with an increased level of mRNA levels of PGC1-α ( Figure 3A) .
Mitochondrial proliferation was confirmed by measuring targeted mitochondrial protein abundance using selected reaction monitoring. We observed that many Tricardoxylic acid (TCA) cycle enzymes are increased in mSod2KO with the notable exceptions of aconitase and SDH ( Figure 3C ), which are known to be highly sensitive to oxidative stress. Similarly, many enzymes in the fatty acid oxidation pathway are increased ( Figure S4 ) consistent with mitochondrial proliferation. Proteins involved in glycolysis are largely unchanged (Table S1 ). We determined the abundance of antioxidant enzymes and found that many of the antioxidant enzymes are significantly elevated in mSod2KO except Sod1 and a few others ( Figure S5 ). Upregulation of TCA cycle, fatty acid oxidation, and antioxidant enzymes suggests a compensatory mechanism for decreased oxidative phosphorylation and excess oxidants.
Excess oxidants are known to cause oxidative damage to DNA and to increase mtDNA copy number in skeletal muscle 40 and potentially mtDNA sequence variants. Thus, we determined the copy number of mitochondrial and nuclear DNA using gastrocnemius muscles of WT and mSod2KO mice. We found a significant increase in mtDNA copy number ( Figure 3B ) with no change in the copy number of nuclear DNA (data not shown). Our analyses of heteroplasmic single nucleotide variant (SNV) frequency reveal no change in mtDNA mutational load ( Figure S3A) . A specific nucleotide, thymine, trends to show increased SNV frequency in mSod2KO ( Figure S3B ), suggesting that thymine might be more subject to oxidative modifications. Interestingly, occurrence of SNVs higher than 1% frequency is increased in mSod2KO ( Figure S3C ). These increases in SNVs are localized in D-Loop and Rnr1/2.
Contractile dysfunction and calcium mishandling in mSod2KO skeletal muscle
Excess ROS is known to cause contractile dysfunction in skeletal muscles. 9 To test the impact of mtROS on skeletal muscle from WT and mSod2KO mice, we measured in situ and in vitro contractile function of skeletal muscle. The in vitro contractile properties of soleus and extensor digitorum longus (EDL) muscles reveal a significant decrease in maximum isometric Figure S6D , E). Our in situ experiments using direct stimulation on the gastrocnemius similarly demonstrates a~40% decrease in specific force for mSod2KO. The force deficit is exacerbated in sciatic nerve-stimulated force generation ( Figure 4A, B) , suggesting disruption and abnormalities of the NMJ. Intrinsic force deficit is highly associated with calcium mishandling, including intracellular calcium transient, sensitivity, and uptake kinetics. 47 We find a significant reduction in intracellular calcium transient measured in mSod2KO lumbrical muscles ( Figure 4C ), while specific force and intracellular calcium fall time are unchanged ( Figure 4D , E). The drop in peak intracellular-free calcium may be affected by a decrease in calcium release, enhanced calcium buffering, or faster calcium uptake in mSod2KO. Arguing against the latter, we find severe defects in mitochondrial buffering ( Figure 1D ) and sarcoplasmic/endoplasmic reticulum calcium ATPase pump ( Figure 4F ).
Neuromuscular junction disruption and fragmentation of mSod2KO skeletal muscle
Because our contraction data suggest that NMJ abnormalities may exist in the muscle from mSod2KO mice, we asked whether the loss of MnSOD and increased mtROS alters the mRNA and protein levels of the acetylcholine receptor mtROS impairs neuromuscular junction but increases muscle mass (AchR). We found about two-fold increase in the mRNA level for the AchRα-isoform ( Figure 5A ). Despite the increase in the mRNA level, the protein abundance of AchR is decreased bỹ 50% in mSod2KO ( Figure 5B ), which may be due to an increase in protein degradation. To further determine morphological alterations by excess mtROS, we measured the size of NMJ and the number of fragments and found significant increases in mSod2KO ( Figure 5C-E) , which are typical of denervation and sarcopenia phenotypes.
2 Note that scoring of the percentage of denervated NMJ reveals no effect of MnSOD deficiency ( Figure 5F ).
Mitochondrial oxidative stress increases muscle mass via hyperplasia
Contrary to our expected results, mSod2KO mice do not exhibit a loss in muscle mass ( Figure 6A ). Indeed, in gastrocnemius and quadriceps muscles, there are~10-15% increases in muscle mass, while no changes were observed in smaller muscles. The increase in muscle mass observed in female mice is also evident in male mice ( Figure S6A ). We find that isolated skeletal muscles from mSod2KO are more red in colour than WT muscles ( Figure S1J ) as reported previously. 21 To test a potential shift in muscle fibre type, we performed immunohistochemistry using isoform-specific antibodies on cross sections and found a significant increase in type 2x fibres in mSod2KO gastrocnemius ( Figure 6B ). We postulate that accumulation of mitochondria is the underlying cause of red pigment of the skeletal muscle. In line with the idea, our mSod2KO mice demonstrated mitochondrial proliferation ( Figure 3A-C ). An animal model leading to a significant mitochondrial dysfunction (ANT1KO) and compensatory proliferation exhibits redness of the muscle. 48 Another animal model with PGC1-α overexpression demonstrates increased pigment in skeletal muscle tissues. 49 Increase in muscle mass in gastrocnemius is not caused by a change in fibre size (i.e. hypertrophy) but rather by an increase in the number of fibres bỹ 60% (hyperplasia) ( Figure 6C-E) . Furthermore,~50% of the fibres contain central nuclei in mSod2KO ( Figure 6F, G) , suggesting generation of new fibres. Regardless of the dramatic increase in central nuclei, embryonic myosin heavy chain expression is not increased in mSod2KO mice ( Figure 6H) . Histogram analysis of fibre area in mSod2KO reveals highly variable and distorted bell-shaped distributions, as opposed to normally distributed WT gastrocnemius ( Figure 6I ).
Fibre branching as a mechanism of an increase in muscle mass in mSod2KO
To directly test the mechanism responsible for hyperplasia, we teased out single fibres from gastrocnemius muscles and determined the number of fibres with or without branches ( Figure 7A) . We find that~35% of the fibres contain fibre branches in muscle from the mSod2KO mice, while no fibres exhibit branches in muscle from WT mice ( Figure 7B) . In addition to fibre branching, we examined changes of a calciummediated protein degradation pathway calpain, a muscle protease. We find protein expression of calpain-1 significantly lower in mSod2KO mice ( Figure 7C) . To measure the activity of calpain, we determined the abundance of breakdown products from α-II spectrin at~150 kDa, 50 which is significantly decreased in mSod2KO mice ( Figure 7D ).
Discussion
The goal of this study is to determine whether compromised function of skeletal muscle mitochondria and elevated mtROS generation are sufficient to cause muscle atrophy independent of loss of muscle innervation. Contrary to our prediction, elevated mitochondrial oxidative stress leads to increases in muscle mass and hyperplasia via fibre branching. Despite the compensatory increase in muscle mass, contractile function is impaired associated with NMJ disruption and possibly due to a calcium mishandling within myofibers. Excess superoxide in mitochondrial matrix leads to dramatic loss of SDH and severe exercise intolerance as reported in animals and patients with SDH deficiency. 51, 52 Our findings demonstrate, for the first time, that mtROS from skeletal muscle is sufficient to induce NMJ disruption but not denervation. We also report our novel findings that ROS from skeletal muscle mitochondria increase muscle mass through fibre branching. MnSOD is localized in the mitochondrial matrix where it is poised to protect the ETC subunits and other matrix proteins from oxidative insult induced by ETC generation of superoxide. In the absence of MnSOD, superoxide is unchecked and the mitochondria are susceptible to oxidative damage that can impair function. We measured a number of indicators of mitochondrial function in muscle from mSod2KO mice. One of the most dramatic changes is the substantial decrease in the level of complex II (SDH) protein subunits despite upregulation of the mRNA levels. The mechanisms by which increased superoxide causes SDH-specific deficiency are unclear, but potential causes include deficiency or dysfunction of SDH import proteins, assembly factors, or activation of mitochondrial proteases, including Lon protease. 53 Previous studies have shown that loss of SDH contributes to substantial reductions in ETC activity and ATP generation rate, leading to severe exercise intolerance in animals 19, 21 and in patients. 51, 52 Mitochondrial respiration in response to complex II substrate is also significantly lower in mitochondria from mSod2KO mice compared with WT mice. Complex I activity is partially reduced, but the loss of SDH is much more substantial than other complexes of ETC in agreement with previous reports in mice lacking MnSOD in skeletal and cardiac muscles. 21, 54 We confirmed the impaired mitochondrial function in vivo using treadmill running time. The mSod2KO mice are more susceptible to exhaustion during treadmill running. Although our data exhibit ETC activity only, mitochondria are also responsible for fatty acid oxidation, defects in which are likely to contribute to exercise intolerance as shown before. 55 Overall, our results confirm that mitochondrial function is significantly compromised by the loss of MnSOD. In addition to severe defects in respiration, mitochondria from mSod2KO mice have increased generation of ROS. Excess ROS are known to impair contractile function of skeletal muscle.
9 Isolated skeletal muscle incubated with varying hydrogen peroxide concentrations has demonstrated dose-dependent effects on maximum force generation. 7, 56 Increased hydrogen peroxide is known to induce lipid peroxidation in the sarcolemma, which was supported by our data (Figure 2A ). Excess oxidants also induce oxidative modifications in proteins associated with the contractile machinery (i.e. thiol oxidation).
To test this idea, we isolated MF proteins using previously established methods 30 and found that carbonylated proteins were significantly elevated in mSod2KO mice. These data support the concept that multiple factors can contribute to muscle weakness, including altered signal transmission through the NMJ and intrinsic changes to the proteins response for carrying out contractile force generation. Alterations in the NMJ are a critical contributor to sarcopenia, 45 but it is not clear whether defective mitochondrial function precede or follow changes in NMJ and skeletal muscle atrophy and contractile dysfunction. 57 Our laboratory and others previously demonstrated that denervation plays a causal role in AchR fragmentation and degeneration, leading to skeletal muscle atrophy. 12 Furthermore, recent studies support an association between skeletal muscle mtROS and NMJ disruption in multiple pathological conditions, including aging and denervation. 2, 36, 55, 57 In this study, we were interested in determining whether the increased mtROS and mitochondrial dysfunction in the skeletal muscle of mSod2KO mice compromises the NMJ in a feedback manner to potentially initiate muscle atrophy. Our results are consistent with alterations in the NMJ in gastrocnemius muscle of the mSod2KO mice. For example, our in situ contractile function data reveal that the maximum isometric specific force of the gastrocnemius is decreased by~40% with stimulation directly on the muscle, but force generation through sciatic nerve stimulation shows a greater reduction (~60%). This result suggests compromised signalling through the NMJ in the mSod2KO mice. Consistent with these findings, the expression of the AchR-α is decreased in gastrocnemius muscle from the mSod2KO despite an upregulation of AchR-α mRNA levels.
2
Further analyses of NMJ morphology reveals that fragmentation and size of the NMJ area are increased in mSod2KO. Together, these changes suggest that elevated mtROS and oxidative stress induce morphological changes in the AchR, including a potentially increased degradation of AchR-α or reduced stability of the AchR complex. Notably, however, we did not find any evidence of loss of innervation in gastrocnemius muscle from the mSod2KO mice. Thus, for the first time, we demonstrate a causal role of excess ROS from skeletal muscle mitochondria on NMJ disruption and muscle weakness, supporting a retrograde effect of muscle mtROS in vivo.
58
Contrary to our expected results, significant damage to the mitochondria and excess ROS do not cause atrophy in skeletal muscle. Rather, we find an increase in muscle mass in gastrocnemius and quadriceps. Our findings differ from an existing report, which found no change in skeletal muscle mass in mSod2KO mice. 21 Our study includes data collected from 30-35 female mice per group compared with five mice per group in the study that did not see a difference in mass.
Our findings in female mice were confirmed in male mice ( Figure S7A, B) . Notably, the impact of mitochondrial oxidative stress causing hypertrophy on large muscle groups (gastrocnemius and quadriceps), but not in small muscles (tibialis anterior, EDL, and soleus), remains unclear. Another redox-dependent pathological condition, Duchenne Muscular Dystrophy, also preferentially affects muscle groups as reported. [59] [60] [61] We predict that the preferential calf hypertrophy results from overuse while functioning to stabilize the body against gravity. A case report of a patient with familiar mitochondrial myopathy, who demonstrated deficiencies in SDH and aconitase with lifelong exercise intolerance, reported calf hypertrophy consistent with our report. 51, 52 We also previously found a similar increase in muscle mass in mice with a muscle specific deletion of CuZnSOD. 13 Together, these data point to a modulation of muscle mass by oxidative stress that leads to increased muscle mass, but not atrophy. The increase in muscle mass in the mSod2KO mice is associated with increased central nuclei 21 and a dramatic increase in the number of fibres appearing in a cross section. The increase in fibre number results from fibre branches rather than independently separated fibres. The cause of fibre branching is unknown, but one explanation is incomplete lateral fusion of myotubes during regeneration elicited by injury-induced necrosis, 62 which is dramatically elevated in mSod2KO mice. 21 The increased fibre branching has previously been shown in EDL muscle from old compared with young rats. 63 Fibre branching is also the basis for the increase in fibre numbers in mdx mice, where there is also an increase in oxidative stress leading to skeletal muscle hypertrophy and decreased specific force 37 as in mSod2KO skeletal muscle.
Although branched fibres compensate for skeletal muscle cell death via necrosis in mSod2KO mice, 21 excitation-contraction coupling is disturbed in the branched myofibers, 37 and calcium-activated force production has been shown to be reduced. 64 The mdx mice have shown an increase in muscle mass but exhibited decreases in calcium transients in branched fibres compared with unbranched fibres. 65 The calcium transient is indeed decreased in mSod2KO skeletal muscle. Considering that there is no matching increase in synapse number with fibre branching, 37 branched fibres may also contribute to neuromuscular dysfunction.
Conclusions
In summary, our results demonstrate that loss of MnSOD increases superoxide in mitochondrial matrix, leading to SDH deficiency, mitochondrial defects, and severe exercise intolerance. Excess hydrogen peroxide produced from the mitochondria induces NMJ alterations through a retrograde effect on NMJ proteins, contributing to neuromuscular dysfunctioninduced skeletal muscle weakness. Despite reports of neurogenic atrophy in multiple pathological conditions (i.e. aging, inactivity, and chronic inflammatory diseases), skeletal muscle mass of large muscle groups, including gastrocnemius and quadriceps, is increased because of hyperplasia via fibre branching that may also contribute to NMJ dysfunction.
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